The Finnish Mobile Operators face two main challenges: (i) mobile data subscriptions penetration and traffic are experiencing rapid growth; and (ii) government intervenes in the market to attain contradictory goals related to extensive high-speed mobile networks and energy consumption reduction. The mobile operators have to increase the capacity in their networks, taking energy efficiency into account. The reduction of energy consumption in mobile networks results to the reducing carbon emissions, and possibly to cost savings. The purpose of this study is to investigate the wide-to-local area offloading in urban regions in Finland and examine the impact of such a network on the wide area access network in terms of energy and capacity. The results show that the capacity relief ranges from 9.7 to 38.7 %, depending on the penetration of local area service, but the energy savings in macro cellular network are negligible.
Introduction
The Finnish Mobile Operators face two main challenges: (i) mobile data subscriptions penetration and traffic are experiencing rapid growth and (ii) government intervenes in the market to attain specific goals. For example, government imposes the broadband plan which sets the target of 100 Mbps internet access by 2015 [1] . Also, European Commission proposes a further development and extension of broadband coverage aiming to 30 Mbps download rate for all and at least 50% of European households subscribing to internet connections above 100 Mbps by 2020 [2] . Mobile networks will play an important role to the achievement of these goals. The aforementioned challenges push mobile operators to invest in network coverage and capacity expansion. However, the installation of additional radio equipment will increase the energy consumption in mobile networks.
Besides the goals about broadband strategy, European Commission has set a target for 20% reduction of Internet and Communications Technology (ICT) industry carbon footprint by 2015 [3] . Within ICT, the mobile communications industry constitutes a major sector. According to the International Telecommunication Union (ITU), mobile communications contributes an estimated 9 % of the global ICT greenhouse gas emissions [4] . While the broadband plan requires extensive deployment of highspeed mobile networks which will increase the energy consumption, the energy efficiency plan requires the reduction of energy consumption. These contradictory plans are also followed by the Finland's Second National Energy Efficiency Action Plan [5] which highlights the energy efficient buildings. The building insulation will allow a building to use less heating and cooling energy. However, the external wall structure of such buildings will likely cause additional attenuation to the signal, when it propagates from outdoor to indoor environment. This creates a problem in mobile communications since around 80% of mobile data traffic is generated indoor and carried by outdoor macro cellular networks [6] . Thus, the deployment of indoor small cells seems to be an attractive solution for mobile operators to improve coverage, capacity and quality. Such a deployment option will require to be installed an enormous number of small cells in buildings. As a result, additional energy will be consumed, which will be part of end customers' energy bills. Consequently, several network deployment strategies have to be investigated by mobile operators to meet the requirements for broadband and energy efficiency plans. The mobile operators have to increase the capacity in their networks, taking energy efficiency into account. Small cells can be deployed in indoor environments, complementing the macro cells creating a Heterogeneous Network (HetNet) with higher cell density in urban regions [7] [8] . Small cells will increase the network capacity to serve areas with high traffic and improve cell-edge throughput and coverage. To some degree, also the outdoor-placed base stations can be a solution. However, the indoor deployment of access points is foreseen as a necessity in guaranteeing sufficient coverage, low latency, and improved power efficiency and battery life of terminal [9] [10] [11] . Also, they offload the macro network. Mobile network offloading, also called as wide-tolocal area offloading, is the use of complementary network technologies to deliver data traffic originally planned for transmission over cellular networks [12] . Mobile network offloading as a deployment strategy, especially in densely populated areas, might provide a good solution to mobile operators to release capacity from the macro network [13] [14] . According to Cisco, by 2016, more than half of all traffic from mobile-connected devices will be offloaded to the fixed network by means of Wi-Fi devices and femtocells [15] .
The cost of small cells which complement the macro cells in areas with high demand is analysed by [16] . In addition, the wide deployment of indoor networks requires many devices (small cells) which will increase the energy consumption in the end customers' buildings. The energy consumption is becoming an increasingly important cost factor for mobile network operation and has to be also included to the cost structure [17] . Therefore, reducing energy consumption may result in cost savings to mobile operators and eventually to the end consumers.
The main research question is defined as follows: "Should mobile operators exploit indoor radio networks to cope with the challenges of energy consumption growth and traffic growth in their macro radio access networks?". The purpose of this study is to model a wide-to-local area offloading network in indoor places including homes, offices and public places for urban regions in Finland. Also, the study aims to investigate the impact of such a network to wide area access network in terms of energy and capacity. The goal is to assist mobile operators to make a decision on undertaking indoor network deployment investments.
This study is important for several reasons. It contributes firstly to the understanding how mobile offloading has an impact on the current network infrastructure and costs. Its contribution is also important in practice from managerial point of view, since the study investigates real cases for Finnish mobile operators. It provides information to operators to decide if wide-to-local area offloading is worthy to be implemented.
The paper is outlined as follows: Section 2 describes the model. Section 3 covers the results and the paper concludes in Section 4.
Offloading Model
The modeling logic is illustrated in Fig. 1 . It is an improved version of the models presented in [18] [19] and it runs in parallel with the short-run presented in [20] . More specifically, the offloading model calculates the indoor traffic, which has an impact on the average load factor of macro cells. The latter is used as an input to the short-run model to calculate the energy consumption of the macro cellular network. Therefore the offloading model is an extension of the short-run model to conduct research on mobile offloading topic. The model focuses on a single mobile network operator in Finnish mobile communication market for urban regions. The inputs of the model for offloading network are grouped to i) market and service, ii) technology and iii) cost in the second half of 2013. Also general market and service related parameters (mobile data users and market share) are needed. The model uses the market and service related inputs for offloading from the aforementioned studies, adjusted to all urban regions. Such inputs are the number of venue types, their size area, and the hours spent by the people who visit these venues. Also the Local Area (LA) service penetration is included. Regarding to the technology-related input parameters, the technical architecture is defined by network technologies and entities description [21] , and assumptions about the cell range, capacity and number of active connections per indoor base station (access point AP). The main cost parameters include the list and the price of the radio access network equipment and sites, the network implementation actions and operational expenditures. The inputs are presented in parallelograms in Fig. 1 and the numerical values of the most important of them are given in Tables A.1-4 in Appendix. The main output of the network offloading model is the indoor network cost, including the operating cost of the urban macro network (from the short-run model).
Network offloading or wide-to-local area offloading is enabled by the deployment of indoor networks to venues such as homes, offices and public places mainly in urban regions where the data traffic is higher. This business scenario does not require any changes in the current macro radio access network. It requires only installation of some equipment in the core network (e.g., femto gateway, management system etc.). Therefore, no changes occur in infrastructure for the wide area radio access network. The indoor network is expected to have an impact on the wide area network such as macro network
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The Impact of Mobile Offloading on Energy Consumption and Capacity of Radio Access Networks -Case of Finland 3 Figure 1 . Wide-to-local area offloading model capacity relief and energy consumption reduction. In addition, the wide-to-local area offloading can be considered as an alternative network deployment to delay the investments on the macro cellular network. For this analysis it is assumed that the mobile operator, who operates also a fixed network, deploys access points (femtocells) at 2.6 GHz utilizing its own existing fixed network. The mobile operator has already a base of customers who use fixed broadband connections and share these with Wi-Fi access points. The mobile operators could switch all the Wi-Fi access points to femtocells by shipping the new devices to customers who simply replace them. In venues where the femtocells are installed, there are also mobile data subscribers which can use the new network for their indoor generated data traffic. It is assumed that the access to femtocells is configured as follows: Close Group Subscription (CGS) mode at homes, and Open Group Subscription (OGS) mode at other places [12] .
Demand -Supply mismatch
The outputs of the model require some intermediate calculations. The demand and supply mismatch needs to define the average load factor in a site which is used for energy consumption calculation.
Supplied traffic
The supplied traffic S (1) is the capacity of the macro cellular network in downlink and it is calculated by multiplying the number of base stations with the average site capacity (average site capacity is equal to the number of sectors times the average cell capacity i.e.,
). The number of the base stations, N BS per technology is calculated by the average site coverage, the land area and the percentage of the territory coverage. The BW is the 
=
(1) where R cell = BW * SE The maximum supplied traffic is an input, calculated in the short-run model. It is the actual maximum network capacity in downlink measured in traffic per month (e.g., terabytes per month): the maximum supplied traffic is compared with the demanded downlink data traffic in a month in order to calculate the average load factor of the site. The supplied traffic of the indoor network does not influence the energy consumption of the macro network and therefore it is not used in calculations.
Having knowledge of the network capacity per region in the short-run model, the share of the total network capacity for each region (urban, suburban, rural) is calculated and used for the estimation of the demanded downlink traffic per region. Assuming that a mobile operator has deployed the network so as to carry the demanded traffic, the current macro network capacity for each region can be an indicator for the share of the demanded traffic in each region, i.e., the capacity share of urban region (c) is equal to the demanded data traffic share per region.
Demanded traffic
The demanded downlink data traffic D is given by (2). The total mobile traffic volume (V) for the whole country is usually the only known information regarding the mobile data traffic. The market share (m) of a mobile operator gives an approximation about the demanded traffic volume carried in an operator's network. The calculated capacity share per region (c) shares this traffic volume to urban region and the uplink to downlink ratio r UL/DL separates the traffic to uplink and downlink. Furthermore, the demanded downlink traffic is not evenly distributed over time and space (geographical area). Therefore, the traffic characteristics such as the traffic distribution over a 24-hour period (share of daily traffic in busy hour T Dtime ) and the traffic distribution among sites (share of traffic conveyed by some share of cells TD space ) are taken into account
The calculated demanded traffic D is further decomposed to indoor-(D IN ) and outdoor-(D OUT ) generated traffic (3)-(4). The traffic decomposition is determined by the outdoor generated traffic factor r out .
The demanded traffic is the value for the end of the iteration, while its indoor part is used for the calculation of the average indoor data per user. The urban indoor traffic is alternatively calculated from the average indoor data per user, the number of subscribers indoors, and the time they spend indoors. The number of subscribers indoors is strongly related to the local area service penetration i.e., the number of venues in which indoor network is installed. Also, the number of access points is calculated based on the number of subscribers, the space of the buildings and the technical characteristics of the access point such as throughput, the number of simultaneous open connections, and the coverage range.
Thus, the mismatch between the supplied and demanded traffic, taking into account the indoor traffic determines the average load factor Loff for the macro cells (5) 
The offloading ratio is an important performance indicator for the offloading network. The offloading ratio is defined as the ratio of the traffic carried by the indoor network to the current macro traffic level (6) .
By substituting the average load factor L off , the power consumption model presented in [20] now calculates the power consumption of the macro site, taking into account the offloading. The mathematical model is presented again for L off in (7).
P is the maximum power consumption a site can consume and p o is the percentage of maximum power consumption which is consumed when sites are at idle mode or other state which is not related to user data traffic transmission. Finally, the number of base station and the average power consumption will provide the energy consumption of the network. Table 1 shows the main simulation results highlighting the impact of indoor network deployment on the macro cellular network for three different values of Local Area service penetration. By deploying the indoor network with penetration 0.25 %, the urban macro network (at maximum demanded traffic i.e., 5989 TB/month) is relieved by 580 TB/month or 9.68% (offloading ratio). That means that the deployment of the offloading network is a quick solution to increase the current maximum network capacity (6569 TB/month) and delay investing on macro capacity expansion.
Results
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At the initial maximum demanded traffic level (i.e., 5989 TB/month), the impact of the offloading network on the operating cost of the macro network is the reduction of energy cost. The energy consumption of the urban macro network reduces from 2.09 to 2.07 GWh/month and its operating cost reduces by thousand euros. The energy cost savings are negligible but the monetization of the additional traffic will provide extra revenues. The question is if these revenues, the little energy cost savings and a reasonable charge for the local area service can cover the cost of the indoor network deployment. The operating cost to be covered for the offloading network is 258,030 €/month. (Only the maintenance cost of access points, the electricity cost is assumed to be shifted to customers). In addition, the investment cost for the indoor network (installation and equipment including the access points), has to be paid back. This investment cost is 26,129,000 € and it is roughly 2 times more than the annual operating cost of current urban macro network. Assuming that the users (or the venue owners) who have subscribed for LA service pay this cost (for a year, locked-in customers), then the average cost per LA user is 4 €/month (or the cost per LA venue owner is 8.64 €). Finally, the capital cost of deploying the indoor network is high and comparable to the macro cellular network investment and the operating cost is also getting high while the scale of the indoor network increases. When the cost of deploying an indoor network with a specific offloading capacity of the macro network, is becoming less than the cost of investing on macro network capacity expansion for the same capacity, then the offloading scenario is definitely a preferable option. For example, for the case of 25% LA service penetration, a mobile operator needs to spend around 27 million euros for infrastructure and 0.25 million euros per month for operating such an indoor network. Of course, the indoor network capacity is extremely high, but the macro network's capacity is relieved by 580 TB/month and the operating cost reduces insignificantly. Roughly, if the investments for the macro network capacity expansion of 580 TB/month cost more than 27 million euros then the offloading network is a preferable solution. It is important to take into account that new local area services could bring more revenues to mobile operators.
Discussion and conclusions
The mobile data traffic growth especially in urban regions pushes mobile operators to devise new network deployment strategies. Mobile network offloading is a scenario which gains popularity both in industry and academia. This study models and investigates the impact of deploying an indoor network on the macro cellular network's conditions. It is shown that the impact of the indoor network is mainly the capacity relief and the reduction of its energy consumption. The capacity relief ranges from 9.7 to 38.7 %, depending on the penetration of local area service in venues. This relief gives the possibility to operators to delay the macro investments. Also, the energy cost savings for the macro cellular network are negligible. This is reflected by the operating cost of the macro network which reduces insignificantly.
The offloading indoor network is a quick but uncertain solution. The penetration of such service and the userdeployed feature of the indoor network create uncertainty to mobile operators. Wide-to-local area offloading might be a good option for mobile operators in the far future when the traffic will be extremely high. But still wide-to-local area offloading has risks and benefits to mobile operators. On the one hand, there is a relief (offload) in capacity for the macro cellular network, but on the other hand the mobile operators may lose the opportunity to gain more revenues from monetizing the missing traffic. 
